Carbon nanotubes (CNTs) have attracted a great deal of interest in the development of high-performance engineering composites, due to their exceptional physical, mechanical, electronic and thermal properties. Incorporation of CNTs into polymer has resulted in great improvements in functional properties; however, the enhancement of mechanical properties was insignificant compared with that in micro-sized fiber reinforced polymers. In order to realize the application of composites for structural and multifunctional parts, it is necessary to develop hybrid composites with micro-and nano-sized reinforcements. CNT reinforced hybrid composites have been studied in several ways: the addition of CNTs to a matrix with various dispersion methods, the growth of CNTs on substrate reinforcements, CNT sprays, etc. In this study, the electrophoresis deposition (EPD) method has been applied to deposit CNTs on a carbon fabric. By applying an electric field between a copper plate and a substrate, the negatively charged CNTs in a suspension move toward a carbon fabric. The controllable parameters in the EPD process are identified as the deposition time, the voltage, the contents of the CNTs, and the distance between the copper plate and the carbon fabric. In order to determine the optimal process conditions, the Taguchi method for the statistical design of experiment (DOE) has been utilized. Since the interlaminar shear strength (ILSS) of the hybrid composites is associated with the amount and the degree of distribution of the CNTs, it was selected as the response for the analysis of means and signal-tonoise ratio. The ILSS was measured by short-beam test according to ASTM 2344. The composite sample was fabricated by the vacuum-assisted resin transfer molding process. In addition, the distribution of CNTs was examined by scanning electron microscopy. By utilizing the statistical software MINITAB 14 for DOE, the optimal deposition conditions have been determined.
Introduction
Carbon nanotubes (CNTs), since their discovery in 1991 [1] , have attracted a great deal of interest due to their remarkable physical, mechanical, electronic and thermal properties [2] . In recent years, much work has been carried out in exploiting these properties by incorporating carbon nanotubes into some form of matrix. In addition to the research on CNTs/ceramic and CNTs/metal composites [3] [4] [5] [6] , a wide range of polymer matrices have also been employed, such as polyamides [7] , polyimides [8] , epoxy [9] , polyurethane [10] and polypropylene [11] . These polymer-based nanocomposites derive their high performance at low filler volume fractions due to the high strength, high aspect ratio and high surface area to volume ratio of the nano-sized particles. Moreover, CNTs have promoted many studies on fabricating field emission films. The electrophoretic deposition (EPD) technique, with a wide range of novel applications in the processing of advanced ceramic materials and coatings [12] [13] [14] , has recently gained increased interest both in academia and industrial sectors, not only because of the high versatility of its use with different materials and their combinations but also because of its cost-effectiveness, requiring simple apparatus.
In this study, the EPD technique has been applied to deposit CNTs on a carbon fabric to form a nano/micro-scale hybridized reinforcement. Since the properties of the hybrid composites by the EPD process depend on the contents and dispersion of CNTs, it is crucial to identify the key processing parameters and to determine the optimal conditions of the EPD process. For the optimization of design parameters, the statistical design of experiment (DOE) by the Taguchi method [15, 16] has been applied. The method was originally proposed as a means of improving the quality of products through the application of statistical and engineering concepts. Since experimental procedures are generally expensive and time consuming, the need to satisfy the design objectives with the least number of tests is clearly an important requirement.
In this study, following the steps of the Taguchi method, nine experiments of EPD processing were conducted. The microstructures of the deposited carbon fabrics were observed by scanning electron microscopy (SEM). The interlaminar shear strength of the multi-scale hybrid composites was tested and chosen as the response for the analysis of means (ANOM) and signal-to-noise (S/N) ratio. The statistical software MINITAB 14 was used for the DOE, based on the Taguchi method.
Design of experiment and experimental procedures

Determinations of controllable parameters and their levels
The key parameters of EPD processing are the deposition time (T), the voltage (V), the content of CNT in wt.% (W) in suspension, and the distance (D) between the carbon fabric and the copper plate. They were chosen as the four significant parameters to conduct the design of experiment. For each parameter, three levels were set (as shown in table 1). These settings define the extent of the data collection required for each controllable parameter.
Taguchi method for design of experiment
The Taguchi method is a traditional approach for robust experimental design that seeks to obtain the best combination of parameters/levels with the lowest societal cost solution to achieve customers' requirement. In addition, special orthogonal arrays will be applied to optimize different kinds of DOE. As 4 parameters/ 3 levels were considered, a total of nine experiments were necessary. A L9 (3) 4 orthogonal array was selected to proceed with the experiments (as shown in table 2). Moreover, the optimal process parameters are determined by the analysis of response data, such as the ANOM and S/N ratio. 
Selection of materials
Multi-wall carbon nanotubes (MWCNTs) CM-100 (Hanwha Nanotech Corporation) were used in this study; these were produced using the thermal chemical vapor deposition (CVD) process. The diameter of CNTs is 10-15 nm. The carbon fabrics for EPD have a size of 110 mm by 90 mm. For the fabrication of composite samples, epoxy resin (YD-128) and hardener (KBH-1089) with a mixing ratio of 10 to 9 were used.
Preparation of suspension
An anodic EPD process was utilized in this study to avoid the electrolysis of copper plate. In order to functionalize CNTs in negative charge, they were treated in a strong acid solution, resulting in the carboxylic functional group on the surface of CNTs. The chemical structures of CNTs and modified CNTs are shown in fig. 1 . The acid treated CNTs were mixed with distilled water in a proper ratio as designed to prepare the suspension. For a high quality of dispersion, the mixture was ultrasonicated for 35 min after 10 min mechanical stirring with a speed of 450 rpm.
(a) (b) Figure 1 : The chemical structures of CNTs (a) before oxidation and (b) after oxidation.
Electrophoretic deposition
EPD is achieved via the motion of charged particles, dispersed in a suitable solvent or aqueous solution, towards an electrode under an applied electric field. Electrophoretic motion of charged particles during EPD results in the accumulation of particles and the formation of a homogeneous and rigid deposit on the relevant electrode. The success of EPD is based on its high versatility, which facilitates its use with different materials and combinations of materials. In addition, EPD is a rapid, cost-effective method that requires simple equipment enabling material layers (thin and thick films) to be made in only seconds or minutes. Moreover, EPD has a high potential for scaling up to large product volumes and sizes. Copper plates and carbon fabrics were used as an anode and a cathode in the anodic EPD, respectively. When a constant DC voltage was applied to the electrodes, the acid treated CNTs were deposited on the surface of the anode electrode. Fig. 2 shows the schematic illustration of the anodic EPD. For each designed experiment, 12-ply deposited carbon fabrics were prepared.
Manufacturing CNTs/carbon fabric composite
CNTs/carbon fabric composites were prepared by vacuum assisted resin transfer molding (VARTM), in which the mixture of resin and hardener is pulled into the mould by negative pressure, and impregnates the deposited carbon fabrics as shown in fig. 3(a) . The curing curve of the composite is shown in fig. 3(b) . 
Interlaminar-shear strength testing
For the measurement of interlaminar shear strength (ILSS) of the composite, the short-beam test was conducted. The length, width and thickness of the test specimens were 20 mm, 5 mm, and 2.5 mm, respectively. The span length was 10 mm, and the crosshead speed was 1 mm/min according to ASTM 2344. 
Analysis of the means
To determine the optimum condition of the EPD process, the ANOM and the analysis of S/N ratio have been carried out based on the results of the nine experiments.
The results of ANOM are summarized in table 3. The values are the average of three ILSS corresponding to the same level of a specific parameter and different levels of other parameters. For example, the first value (66.73257) corresponding to the 3rd column and the first row of In table 3 , the maximum values of three levels of each parameter were selected. This combination can be considered as the optimal deposition conditions because higher ILSS is expected. 
Analysis of the signal-to-noise ratio
The S/N ratio can be considered as the objective function for matrix experiments. The objective functions can be classified into three categories such as the larger the better type, the smaller the better type and the nominal the best type. S/N ratios of these three different cases are calculated using the following equations:
where  is the S/N ratio, n is the number of experiments, y i is the value of shear strength from the i-th experiment. The overall mean value, m, of the S/N ratios is computed from 
The effect of a level l for a parameter k is given by The values shown in table 4 are the average values of three S/N ratios computed by eqn (1-a) corresponding to the same level of a specific parameter and different levels of other parameters. When eqn (1-a) is selected, it means that the optimum level for a parameter is the level that results in the highest value of S/N ratio in the experimental region according to the larger the better type. The larger the better type is used in the present study as it deals with the evaluation of interlaminar shear strength of composites. Furthermore, the combination T1, V1, W1, and D2 were found to be the optimal conditions for the EPD process. According to the value of delta, the effect rank of each parameter was determined. A higher rank indicated that the parameter made more contributions to the EPD process.
Conclusions
The optimal EPD conditions for the deposition of CNTs on a carbon fabric were determined based on Taguchi method. Four design parameters, namely, the time, the voltage, the CNTs content in wt.%, and the distance, were considered as the variable parameters with three levels of each. A L 9 (3 4 ) orthogonal array was used for the design of experiment. The software MINITAB 14 was used to perform the calculation of ANOM and S/N ratio. From these analyses, the following conclusions can be drawn:
i. Due to the oxidization in the acid solution, CNTs were successfully deposited on a carbon fabric using an anodic EPD process. ii. Optimal levels of design parameters are T1-V1-W1-D2, which means that the corresponding deposition time is 3 min, voltage is 20 V, CNTs wt.% is 0.05% and distance between copper plate and carbon fabric is 2 cm. iii. With the analysis of S/N ratio, the rank of four parameters shows that the degree of influence of the design parameters on the strength was in the order of distance > CNTs wt.% > voltage > time.
